outlines the principle of the photonic oscillator we have 36 developed. Phase-coherent division of the stable optical signal to the 37 microwave domain preserves the fractional frequency instability, 38 while reducing the phase fluctuations by a factor of 5 × 10 4 ¼ 39 (500 THz/10 GHz). Such frequency division is accomplished by 40 phase-locking a self-referenced femtosecond laser frequency comb 41 to the optical reference 11 . This transfers the frequency stability of 42 the stable c.w. laser oscillator to the timing between pulses in the 43 laser pulse train, and hence to a microwave frequency that is 44 detected as the pulse repetition rate ( f r ≈ 0.1-10 GHz). In the case 45 of a high-fidelity optical divider, the sub-hertz optical linewidth of 46 the reference laser is translated into a microhertz linewidth on f r . 47 A fast photodiode that detects the stabilized pulse train generates 48 photocurrent at frequencies equal to f r and its harmonics, continu-49 ing up to the cutoff frequency of the photodiode. 50 Using this photonic oscillator approach, we demonstrate a 51 10 GHz signal with an absolute instability of ≤8 × laser n opt2 and a tooth of the frequency comb that is independently 89 stabilized by n opt1 (Fig. 1 ).
90
Phase noise data are presented in Fig. 3 . The absolute single-side- The OFC spectrum is stabilized by phase-locking the nth comb element to an optical reference n opt1 while simultaneously stabilizing the laser offset frequency f o . This transfers the stability of the optical cavity to the OFC mode spacing f r ¼ (n opt 2 f o )/n. The beat signal f b ¼ n opt2 2 m × f r between a second stabilized c.w. laser (n opt2 ) and mode m of the OFC provides a measurement of the relative stability of n opt1 and n opt2 , including residual noise due to comb stabilization. In each independent system, an OFC based on a 1 GHz Ti:sapphire mode-locked laser is phase-locked to a cavity stabilized c.w. laser. Stable light from the two cavities is transferred to the OFCs through optical fibre. The 10th harmonic of the photodetected repetition rate yields a 10 GHz microwave signal that is phase-coherent with n opt,i . The 10 GHz signal generated from each system is filtered and amplified, and the mixed down product is characterized via frequency and phase-noise measurements.
1 comb, amplifiers and shot noise is given by curve (e). There is good 2 agreement between this projection and the actual measurement, 3 indicating that we have identified and properly accounted for the 4 present limitations to the noise floor. 5 The spurious peaks in the 10 GHz phase noise (Fig. 3 , curve a) 6 between 5 Hz and 300 Hz arise from unidentified intermittent 7 noise sources that also appear on the optical comparison. The 8 largest spur at 29 Hz is a known vibration of our laboratory floor. 9 The microwave data in curve (a) were chosen to show the upper 10 limit to the phase noise. Optical data without the spurs (curve b) 11 were chosen to display the lower limit to the phase noise with our 12 current optical references and optical dividers, neglecting limit-13 ations due to photodetection of f r . The right axis of Fig. 3 shows 14 that even the largest spurs are sub-femtosecond, and the integration 15 over 1 Hz to 1 MHz yields a timing jitter of 760 as. The extension of 16 this integration to 5 GHz at the present shot-noise level yields 17 timing jitter of 25 fs. Straightforward reduction of the noise 18 floor with band-pass filters provides still lower integrated jitter. 19 In Fig. 4 , the corresponding frequency counter data show the 20 instability of the 10 GHz microwave signals and the optical instabil-21 ity of the c.w. lasers and frequency comb. The time record of fre-22 quency counter measurements (1 s gate time) is shown in Fig. 4a , 23 and the fractional frequency instability calculated from these data 24 are in Fig. 4b . Under the assumption of equal and uncorrelated 25 oscillators, the data of Fig. 4b have been reduced by a factor of p 2 26 from the measurement. We have not post-processed these 27 data, and the slow oscillations and linear drift seen in Fig. 4a 28 are the result of temperature variations of the independent FP 29 cavity references.
30
The close-to-carrier phase noise and short-term instability with 31 our photonic approach are lower than that achieved with any other 32 room-temperature 10 GHz oscillator. With a thermal noise-floor 33 limited optical cavity, a phase noise of L( f ) ¼ 2117 dBc Hz 21 at 34 a 1 Hz offset appears feasible 13, 18 . Even lower phase noise levels 35 could be achieved in the future with new optical references based 36 on spectral hole burning techniques 19 . As can be seen in Fig. 5 Fig. 1 ) of the optical comparison of the two cavity stabilized reference lasers. b, Fractional frequency instability, calculated from the data in a for a single oscillator assuming equal contributions to the instability from each oscillator used in the 10 GHz microwave and optical comparisons.
1 with a low-noise dielectric sapphire oscillator 25 (see for example, 2 Poseidon Scientific Instruments, http://psi.com.au.) locked to our 3 photonic oscillator with a bandwidth of 1 kHz. . 14) c.w. reference lasers differ, we offer a general description of the 7 systems. Both oscillators were based on fibre and solid-state lasers that are frequency-8 stabilized to a single transverse and longitudinal mode of a high-finesse optical 9 cavity via the Pound-Drever-Hall locking scheme. The cavities were constructed of 10 low-expansion ULE spacers with optically contacted high-reflectivity mirrors that 11 exhibited a finesse of 200,000 and 300,000 for the 518 THz laser and the first 12 harmonic of the 282 THz laser, respectively. In both systems, the intensity of the 13 light incident on the high-finesse cavities was stabilized to minimize thermal 14 instabilities of the cavity length due to heating of the mirrors. Mounting of the 15 cavities and the cavity geometries themselves, although different, were both chosen 16 to Q1 minimize the effects of accelerations on the optical cavity length. The design of the 17 FP cavities for the 518 THz and 282 THz cavities were similar to those described in 18 references 15 and 16, and 14, respectively. To isolate the cavities from external 19 perturbations, each cavity was held in a temperature-controlled evacuated chamber 20 mounted on an active vibration stage inside an acoustic isolation enclosure. The light 21 generated from the two systems demonstrated optical linewidths ,1 Hz and a 22 frequency instability ,7 × 10 216 at 1 s of averaging. For historical reasons, the two 23 optical reference cavities were separated by 300 m (located in laboratories on 24 different floors of the NIST laboratory building). The frequency-stabilized light from 25 the optical cavities was transmitted (with negligible change in optical stability or 26 phase noise) via stabilized fibre-optical links 26 with lengths of 30 and 300 m to the 27 optical frequency combs (OFCs) located in a third laboratory. We note that recent 28 efforts have focused on characterizing and minimizing the acceleration sensitivity of 29 such high-stability optical reference oscillators, including field tests where active 30 cancellation of acceleration-induced frequency drifts have been demonstrated (see 31 Supplementary Information).
32 Frequency comb details and stabilization. The OFCs were Ti:sapphire ring lasers 33 with a cavity length L ¼ 30 cm, which gave a repetition rate of 1 GHz, or a spacing 34 between adjacent pulses of 1 ns. One laser system was located on a passively isolated 35 (air legs) optical table and was enclosed in nested aluminium and plexiglass boxes. 36 The second comb system was separated from the first by a few metres. It was 37 enclosed in a free-standing isolation box that provided 30 dB of acoustic 38 suppression. The base plate of this comb was isolated from seismic vibrations by a 39 piezo-actuated platform. Each laser was pumped with 8 W of 532 nm light, and 40 produced 1 W of mode-locked power. Both lasers produced an optical spectrum 41 with usable bandwidth from 550 nm to 1,200 nm, which exceeds the gain bandwidth 42 of the laser 27 . As a result, measurement of the offset frequency f o was obtained 43 directly from the laser by doubling the low-frequency end of the laser spectrum at 44 1,100 nm and referencing it to the high-frequency end at 550 nm (ref. 27). Optical 45 interference of these two signals provided f o , which was filtered, amplified and mixed 46 with a For phase noise measurements, the repetition rates of the two combs were 78 adjusted so that the beat between the two 10 GHz signals was 1-5 MHz. This 
